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Abstract
We study a two loop induced radiative neutrino model with global U(1) symmetry at 1 GeV
scale, in which we explain the X-ray line at 7.1 keV of dark matter candidate reported by XMN-
Newton X-ray observatory using data of various galaxy clusters and Andromeda galaxy. We also
discuss Higgs sector, lepton flavor violation processes, and a physical Goldstone boson.
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Lepton Fields Scalar Fields
LL eR NR Φ χ
+
1 χ
+
2 ϕ
SU(2)L 2 1 1 2 1 1 1
U(1)Y −1/2 −1 0 +1/2 +1 +1 0
U(1) −x −x x/3 0 2x 2x/3 −2x/3
TABLE I: Contents of lepton and scalar fields and their charge assignment under SU(2)L×U(1)Y ×
U(1).
I. INTRODUCTION
One of the promising scenarios simultaneously to explain between Neutrinos and dark
matter (DM) physics is to generate neutrino masses at multi-loop level [1–47], [48–63], [64],
in which DM could be a mediated field in the neutrino loop.
As for the DM sector, X-ray line signal at 3.55 keV from the analysis of XMN-Newton
X-ray observatory data of various galaxy clusters and Andromeda galaxy [65, 66] can be
understood by decaying scenario, in which the DM mass should be 7.1 keV and mixing
angle between DM and the active neutrinos should be sin2 2θ ≈ 10−10. Due to these simple
implications, many works have been studied [67–118]. 1
In our paper, we propose a two loop induced radiative neutrino model with a global U(1)
symmetry, in which such a small mixing between DM and neutrinos can be generated at
one-loop level. Since the DM mass is expected to be very tiny, it does not link to the neutrino
masses. Observed relic density can be thermally obtained by the annihilation process with
a Goldstone boson (GB) pair that is a consequence of the global U(1) symmetry.
This paper is organized as follows. In Sec. II, we show our model building including Higgs
sector, neutrino masses, and lepton flavor violations (LFVs). In Sec. III, we analyze the DM
properties including relic density and X-ray line. In Sec. IV, we numerically analyze the
allowed region to satisfy all the conditions. We conclude and discuss in Sec. V.
1 On the other hand, there are refuting papers [119–121] that the 3.55 keV line may imply atomic transitions
in helium-like potassium and chlorine are more likely to be the emitters.
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II. MODEL SETUP
We discuss a two-loop induced radiative neutrino model. The particle contents and
their charges are shown in Tab. I. We add three gauge singlet Majorana fermions NR, two
singly-charged singlet scalars (χ+1 , χ
+
2 ), and a neutral singlet scalar ϕ to the SM. We assume
that only the SM-like Higgs Φ and ϕ have vacuum expectation values (VEVs), which are
symbolized by v/
√
2 and v′/
√
2 respectively. We also introduce a global U(1) symmetry,
under which x 6= 0 is an arbitrary number of the charge under the U(1) symmetry, and
the neutrino masses are induced at the two loop level after the spontaneous U(1) symmetry
breaking by 2x as shown in Figure 2 (as well as Figure 5). Notice here that SM-like Higgs Φ
should be neutral under the U(1) symmetry not to couple quarks to Goldstone boson through
chiral anomaly to be consistent with the axion particle search. Otherwise its breaking scale
should be very large( that is greater than 1012 GeV) , which is inconsistent with the observed
value v ≈ 246 GeV.
The renormalizable relevant Lagrangian and Higgs potential under these symmetries are
given by
−LY = (yℓ)ij(L¯L)iΦ(eR)j + fijL¯cLi · LLjχ+1 + gijN¯RiecRjχ−2 +
1
2
(yN)ijϕ(¯N
c
R)i(NR)j + h.c.,
(II.1)
V = m2χ1 |χ+1 |2 +m2χ2 |χ+2 |2 +m2ϕ|ϕ|2 +m2Φ|Φ|2 + λ0(ϕ2χ+1 χ−2 + h.c.) + λχ1 |χ+1 |4 + λχ2|χ+2 |4
+ λϕ|ϕ|4 + λΦ|Φ|4 + λχ1χ2|χ+1 |2|χ+2 |2 + λχ1ϕ|χ+1 |2|ϕ|2 + λχ1Φ|χ+1 |2|Φ|2
+ λχ2ϕ|χ+2 |2|ϕ|2 + λχ2Φ|χ+2 |2|Φ|2 + λϕΦ|ϕ|2|Φ|2, (II.2)
where i = 1−3, j = 1−3, the first term of LY can generates the SM charged-lepton masses
mℓ ≡ yℓv/
√
2 after the electroweak spontaneous breaking of Φ, and we assume λ0 to be
real. The Majorana mass (MN ≡ yNv′/
√
2) is generated after the spontaneous breaking of
ϕ. The scalar fields can be parameterized as
Φ =

 w+
v+φ+iz√
2

 , ϕ = v′ + σ√
2
eiG/v
′
, (II.3)
where v ≃ 246 GeV is VEV of the Higgs doublet, and w± and z are respectively (non-
physical) GB which are absorbed by the longitudinal component of W and Z boson. Since
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the CP even bosons (φ, σ) and singly-charged bosons (χ+1 , χ
+
2 ) mix each other through the
term |Φ|2|ϕ|2 and ϕ2χ+1 χ−2 respectively, each of the resulting mass eigenstate and mixing
matrix is reparameterized as [60]
 σ
φ

 ≡ V †

 h1
h2

 ,

 χ+1
χ+2

 ≡ O†

 h+1
h+2

 , (II.4)
where h2 is the SM-like Higgs, h1 is an additional CP-even Higgs mass eigenstate, (h
+
1 , h
+
2 ) is
the singly charged boson mass eigenstate, and each of O and V is 2×2 unitary mixing matrix.
The lower bound of the singly-charged boson can be obtained by the LEP experiment; i.e.,
80 GeV . mh+
1(2)
[122].
A. Invisible decay of the SM-like Higgs (h2)
The current experiment at LHC suggests that the invisible branching ratio of the SM
Higgs (Binv) is conservatively estimated to be less than 20 % [123, 124]. There are three
invisible modes: h2 → 2G, h2 → 2Nk, and h2 → 2h1, and their decay rates (Γinv) are given
by
Γinv ≡ Γ(h2 → 2G) + Γ(h2 → 2Nk) + Γ(h2 → 2h1), (II.5)
Γ(h2 → 2G) =
m3h2|V12|2
32πv′2
, (II.6)
Γ(h2 → 2Nk) =
mh2M
2
Nk
|V12|2
16πv′2
(
1− 4M
2
Nk
m2h2
)3/2
, (II.7)
Γ(h2 → 2h1) = |µh2h1h1|
2
32πmh2
√
1− 4m
2
h1
m2h2
, (II.8)
µh2h1h1 = V
2
11(λϕΦV22v + 6λϕV21v
′) + 2λϕΦV11V12(V21v + V22v′) + V 212(λϕΦV21v
′ + 6λΦV22v).
(II.9)
Then we have to satisfy the following relation
Γinv <
Binv|V22|2
1−Binv Γ
SM
Higgs, (II.10)
where ΓSMHiggs ≈ 4 MeV is the total decay width of the Higgs boson at mh2 = 125 GeV.
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FIG. 1: One-loop contributions for the pure quartic couplings of charged bosons λχ1(2) , where
a = 1, 2 in the left-hand side.
B. Constraint on the charged bosons
The vacuum stability should be satisfied for the pure quartic couplings of charged bosons;
λχ1(2) . In our model, there exist some loop contributions to these couplings, by mediating
bosons and fermions. Here we consider this issue at the one-loop level. As a general state-
ment, we obtain a negative contribution relative to the tree-level coupling in case of boson-
loop. On the other hand, a relatively positive contribution is given in case of fermion-loop.
We have only a boson-loop contribution to the λχ1 coupling as shown in the left-hand side
of Figure 1, on the other hand, we have both contributions to the λχ2 coupling as shown in
the right-hand side of Figure 1. Then each of the condition up to the one-loop level can be
given as
λone−loopχa ≈ λχa −
3
32(4π)2
(λχχaΦv)
4
(M2χa −M2Φ)3
[
(M2χa +M
2
Φ) ln
[
M2χa
M2Φ
]
− 2(M2χa −M2Φ)
]
+ δa,χ2
∑
i,j,k,l
4MNjMNl
(4π)2
(g†kjglkglig
†
ij)
∫
dadbdcddδ(a+ b+ c+ d− 1)
am2ℓk + bm
2
ℓi
+ cM2Nℓ + dM
2
Nj
& 0, (II.11)
Mχa ≡ mχa +
1
2
(λχaϕv
′2 + λχaΦv
2), MΦ ≡ mΦ + 1
2
λϕΦv
′2 = −λΦv2, (II.12)
where a = 1, 2, we have used the tadpole condition of Φ for the last term, and we neglect
terms that are proportional to v′4 or (vv′)2 because v′(≈ O(1) GeV) is very smaller than
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FIG. 2: Dominant contribution to the neutrino masses at the two-loop level.
the mass scale of Mχa(Φ) (that is O(100) GeV).2 The second term of the right-hand side in
Eq.(II.11) corresponds to the contribution of the boson-loop diagram as shown in the left-
hand side of Figure 1, and The third term of the right-hand side in Eq.(II.11) corresponds
to the contribution of the fermion-loop diagram as shown in the right-hand side of Figure 1.
C. Neutrino mass matrix
At first we redefine relevant terms in terms of the mass eigenstate as
LY ∼ fij(O†)1aL¯cLi · LLjh+a + gij(O†)2aN¯RiecRjh−a +
yNV1b
2
√
2
h0bN¯
c
RNR + h.c.
≡ faijL¯cLi · LLjh+a + gaijN¯RiecRjh−a +
ybN
2
h0bN¯
c
RNR + h.c., (II.13)
where faij ≡ fij(O†)1a, gaij ≡ gij(O†)2a, and yNV1b/
√
2 ≡ ybN .
Then the dominant contribution to the active neutrino mass matrix mν is given at two-
loop level as shown in Figure 2, and its formula is given by
(mν)ij = −(mD)ikM−1Nk (mTD)kj, (II.14)
(mD)ik =
1
(4π)2
1,2∑
a
1−3∑
j
faijmℓjg
a
kj
ln ǫaj
1− ǫaj , (II.15)
2 The perturbativity and avoiding the global minimum can be straightforwardly satisfied if each of quartic
coupling does not exceeds 4π and each of the sum of mass terms and the couplings are positive.
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where ǫaj ≡ (mℓj/mh+a )2, MNk ≡ (MN1 ,MN2,MN3), and mℓ = (me, mµ, mτ ). Notice here
that another contribution to the neutrino mass matrix (Zee-Babu-like diagram as shown
in Figure 5) can be tiny enough to be neglected in our case. This formula is found in the
Appendix.
The observed mixing matrix; PMNS(Pontecorvo-Maki-Nakagawa-Sakata) matrix
(UPMNS) [125], can always be realized by introducing the Casas-Ibarra parametrization [126],
where it is given by
1−3∑
j
1,2∑
a
faijFaj(g
aT )jk = U
∗
PMNS


m
1/2
ν1 0 0
0 m
1/2
ν2 0
0 0 m
1/2
ν3

O


M
1/2
N1
0 0
0 M
1/2
N2
0
0 0 m
1/2
M3




m−1e 0 0
0 m−1µ 0
0 0 m−1τ

 ,
(II.16)
Faj ≡ 1(4π)2 ln ǫaj1−ǫaj , and O is an arbitrary orthogonal matrix with complex values. Then the
neutrino mass eigenvalues mdiag.ν ≡ (mν1, mν2 , mν3) can be given by
m†νmν = UPMNS


m2ν1 0 0
0 m2ν2 0
0 0 m2ν3

U †PMNS. (II.17)
When mh+a = O(100 GeV), F ≈ 0.01 is obtained. Then
∑
a f
agaT is written in terms of
masses of neutrinos, charged-leptons, and right-handed neutrinos as
∑
a
fagaT ≈ 102
√
mdiag.ν MN
m2ℓ
, (II.18)
Depending on the charged-lepton masses, we can estimate a typical order of the Yukawa
coupling as
∑
a
fagaT = O(10−7 − 10−3), (II.19)
where we fix mdiag.ν = 0.01 eV, and MN = O(10−5 − 10−4) GeV.
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D. Lepton Flavor Violations (LFVs) and lepton universalities
1. ℓ−i → ℓ+j ℓ−k ℓ−l process
The constraints from the ℓ−i → ℓ+j ℓ−k ℓ−l process [128] can be given at one-loop level as√∣∣∣(g†bga)jℓ(g†agb)ik + (g†agb)jk(g†bga)iℓ∣∣∣2 + 256 ∣∣∣(f †afa)jℓ(f †b fb)ik + (f †afa)jk(f †b fb)iℓ∣∣∣2
8(4π)2(m2
h±a
−m2
h±
b
)
ln
[
m2
h±a
m2
h±
b
]
.
Cijkℓ
[GeV]2
, (II.20)
where each of Cijkℓ is given by Cµeee ≈ 2.3 × 10−5, Cτeee ≈ 0.009, Cτeeµ ≈ 0.005, Cτeµµ ≈
0.007, Cτµee ≈ 0.007, Cτµeµ ≈ 0.007, and Cτµµµ ≈ 0.008 [129]. Notice hereafter that we
assume to be m2ν ,M
2
N << m
2
h±
1(2)
. Notice here that the form
ln
[
m2
h
±
a
/m2
h
±
b
]
m2
h
±
a
−m2
h
±
b
reduces to 1
m2
h
±
b(a)
in
the limit a(b)→ b(a).
2. ℓ−i → ℓ−j γ process
The constraints from the ℓ−i → ℓ−j γ process [130] can be given at one-loop level as∣∣∣∣∣∣
(
(g†aga)ij
4m2
h±a
)2
+
(
(fbf
†
b )ij
m2
h±
b
)2∣∣∣∣∣∣ .
Cij
[GeV]4
, (II.21)
where each of Cij is given by Cµe ≈ 1.6× 10−6, Cτe ≈ 0.52, Cτµ ≈ 0.7 [129].
3. ℓi/ℓj universality
The constraint of the ℓi/ℓj universality [131] is given as∣∣∣∣∣
∣∣∣∣ faikmh±a
∣∣∣∣
2
−
∣∣∣∣ fajkmh±a
∣∣∣∣
2
∣∣∣∣∣ < Ci/j[GeV]2 , (II.22)
where i 6= j 6= k, and each of Ci/j is given by Cµ/e ≈ 0.024, Cτ/µ ≈ 0.035, and Cτ/e ≈
0.04 [129].
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FIG. 3: The dominant contributions of the X → νLγ process to explain the X-ray line.
III. DARK MATTER
We consider a fermionic DM candidate X(≡ N1), which is assumed to be the lightest
particle of Ni. And we focus on the explanation of the X-ray line at 3.55 keV, since X
decays into active neutrinos and photon at the one-loop level after the spontaneous U(1)
symmetry breaking as shown in Fgiure 3. Then the mass of DM MX(≡ MN1) is fixed to
be around 7.1 keV with a small value of the decay rate divided by MX ; i.e., 4.8 × 10−48 .
Γ(X→νγ)
MX
. 4.6× 10−46 [107]. 3 In our case, this form can be rewritten as
4.8× 10−48 . αemM
2
X
4(4π)4
∣∣∣∣∣
1,2∑
a
1−3∑
j,k
mℓj (f
†
a)jk(g
†
a)j1
m2
h±a
(
1− 3− 4ǫa,j + 2 ln ǫa,j
(1− ln ǫa,j)3
)∣∣∣∣∣
2
. 4.6× 10−46,
(III.1)
where αem ≈ 1/137 is the fine structure constant.
Relic density: The observed relic density can be thermally generated through the process
of the GB final state due to the global U(1) symmetry. The relevant Lagrangian is given by
LDM = x
6v′
(∂µG)(N¯γ
µγ5N) +
1
v′
∑
b=1,2
V1b(hb∂µG∂
µG). (III.2)
Notice here that the term of yN cannot contribute to the annihilation process of 2G final
state, since this term does not connect to the other terms with GB interactions due to the
absence of the Lorentz index of µ. Then the relativistic cross section of X is given by
σvrel(s) ≈ |V11|
4s(s− 4M2X)
256πv′2(m2h1 − s)2
, (III.3)
3 This bound is derived from sin2 2θ = (2− 20)× 10−11 [104].
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FIG. 4: Allowed scanning points in terms of MN and Γ(X → νγ)/MX , where these points satisfy
all the constraints of LFV processes and lepton universalities as discussed in Section IID.
where we neglect the contribution of the SM Higgs h2.Then the thermal averaged cross
section is given by [132]
〈σvrel〉 ≈
∫∞
4M2
X
ds
√
s−M2Xσvrel(s)K1(
√
sx/MX)x
16M5X [K2(x)]
2
, (III.4)
where x ≡ MX/T at the temperature T , and each of K1,2 is the modified Bessel function
of the second kind of order 1 and 2. Finally the formula of the relic density (ΩXh
2) is
approximately given by
ΩXh
2 ≈ 1.07× 10
9√
g∗(xf )MPl
∫∞
xf
dx 〈σvrel〉
x2
[GeV]
, (III.5)
where the lower index of f represents the time of freeze-out, and each of MPl ≈ 1.22× 1019
GeV and g∗(xf ) is the Planck mass and the number of the relativistic degrees of freedom.
To obtain the observed relic density ΩXh
2 ≈ 0.12 [133], we find a solution at v′ = 1 GeV and
mh1 ≈ 0.051 GeV, where we use fixed reasonable values |V11| = 1, xf = 20, and g∗(xf ) = 100
for brevity. We will adopt this solution in our numerical analysis.
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IV. NUMERICAL ANALYSIS
In this section, we search the allowed region for Yukawa couplings f and g. First of all,
we fix the following relevant parameters for simplicity
v′ ≈ 1 GeV, mh1 ≈ 0.0506 GeV, mh2 ≈ 125 GeV, mh±1 ≈ 152 GeV, mh±2 ≈ 193 GeV,
mχ1 ≈ 124 GeV, mχ2 ≈ 121 GeV,
MX ≈ 7.1× 10−6 GeV, V ≈

 −1.00 1.54× 10−3
1.54× 10−3 1.00

 , O ≈

 −1.00 3.31× 10−3
3.31× 10−3 1.00

 ,
λΦ ≈ 0.130, λϕΦ ≈ 0.0984, λϕ ≈ 0.254, λ0 ≈ 9.281, λχ1 ≈ 0.962, λχ2 ≈ 0.614,
λχ1Φ ≈ 0.864, λχ2Φ ≈ 0.745, λχ1ϕ ≈ 0.0984, λχ2ϕ ≈ 0.915, (IV.1)
where the condition of vacuum stability in Eq. (II.11) is satisfied. Now we can check whether
the above input parameters satisfy the constraint of the invisible decay of SM-like Higgs in
Eq.(II.10). Our invisible decay width is computed as Γinv ≈ 0.0464 that corresponds to the
left-hand side of Eq.(II.10). On the other hand, the value of the right-hand side of Eq.(II.10)
is equal to 0.2. Hence these input parameters satisfy this constraint.
Then the order estimation of Yukawa couplings in Eq.(II.19) reduces to fgT = O(10−4−
1), which can reproduce the sizable scale of neutrinos (0.01 eV). Within this estimation, we
randomly select fifteen values of Yukawa couplings as
MN ≡MN2(= MN3) ∈ [10−5, 10−4] [GeV], (IV.2)
fij ∈ [5× 10−3, 0.1], (IV.3)
gij ∈ [5× 10−3, 0.1] for (i, j) 6= ((1, 1), (1, 2), (1, 3)) , (IV.4)
g′ ≡ gij ∈ [10−9, 10−7] for (i, j) = ((1, 1), (1, 2), (1, 3)) , (IV.5)
and we take 1000 scanning sample points over these above ranges. where we expect that a
tiny value of g′ plays a role in explaining the X-ray line in order to satisfy Eq.(III.1). Figure 4
shows allowed scanning points(506) in terms ofMN and Γ(X → νγ)/MX , where these points
satisfy all the constraints of LFV processes and lepton universalities as discussed in Section
IID.
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V. CONCLUSIONS AND DISCUSSIONS
We have constructed a two-loop induced neutrino model with a global U(1) symmetry,
and we have shown allowed scanning points(506) in terms of MN and Γ(X → νγ)/MX in
Figure 4, where these points satisfy all the constraints of the scale of neutrino masses, LFV
processes, lepton universalities, relic density of DM (at v′ = 1 GeV and mh1 ≈ 0.051 GeV),
and X-ray line at 7.1 keV of the DM mass reported by XMN-Newton X-ray observatory
using data of various galaxy clusters and Andromeda galaxy. Here DM does not link to the
neutrino masses, since the DM mass is very tiny as well as g′ coupling.
As another phenomenological point of view, GB arises a discrepancy of the effective
number of neutrino species in the early Universe, which is denoted by ∆Neff . The recent
data reported by Planck [133] shows ∆Neff . 0.04
+0.33
−0.33 at the 95 % confidential level. In our
case, ∆Neff is about 0.045, where we suppose that GB typically decouples from the plasma at
temperatures just above the QCD phase transition(150-200 MeV) and our effective number
of relativistic degrees of freedom is about 70. Therefore, our model can evade this constraint.
It is also worth mentioning that cosmological issues such as an effect on cosmic microwave
background via cosmic string [134] and stellar energy loss via the photoproduction process
γ + e → e+GB [135] may put some constraints only when it couples to an axial vector
current. However GB in our model has a vector current only, therefore we can evade these
constraints, too.
Appendix
The formula of the Zee-Babu type neutrino mass can be given by
(mν)nm =−
1,2∑
a,b
1−3∑
j,k,l
fanjmℓjg
b
kjMNkg
a
klmℓlf
b
lm
(4π)4M2
×
∫
dxdydzδ(x+ y + z − 1)
∫
dx′dy′dz′
δ(x′ + y′ + z′ − 1)
(y2 − y)y′Xh+
b
− (yXNk + zXh+a )z′
, (V.1)
where Xf ≡ (mf/M)2, and M ≡ Max(mh+a , mh+b ,MNk) ≈ Max(mh+a , mh+b ), as shown in
Figure 5. In our scanning range of the numerical analysis, the typical scale of the contribution
to the neutrino masses is around O(10−9) eV that is negligible.
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FIG. 5: Subdominant contribution to the neutrino masses with Zee-Babu type.
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